We demonstrate a superconductor array of subwavelength holes with active thermal control over the resonant transmission induced by surface plasmon polaritons. The array was lithographically fabricated on high temperature YBCO superconductor and characterized by terahertz-time domain spectroscopy. We observe a clear transition from a virtual excitation of the surface plasmon mode to a real surface plasmon mode. The highly controllable superconducting plasmonic crystals may find promising applications in the design of low-loss, large dynamic range amplitude modulation, and surface plasmon based terahertz devices.
The discovery of extraordinary transmission of light through gratings of subwavelength holes has ignited great interest in the field of surface plasmon optics (plasmonics) over the past few years from both the basic science and an applied physics point of view [1] [2] [3] . Plasmonics is predicted to have a strong future in high technology world for the design and development of next generation electronic and photonic chips [4] . To realize this promise, the bigger challenge is to actively control the surface plasmon polaritons (SPPs). It has been demonstrated that the SPP-assisted light propagation can be controlled through thermal, optical, and electrochemical means in the visible and near-infrared frequency regimes [5] [6] [7] . At terahertz frequencies, semiconductors are efficient materials for active plasmonics. Thermal, electrical, magnetic and optical switching of terahertz SPPs has been extensively demonstrated in recent years, allowing active control of the surface plasmon resonance [8] [9] [10] [11] [12] [13] [14] . The semiconductor and the metal used in fabricating plasmonic devices suffer from the limitation of higher losses. This drawback can be lifted by the use of high transition temperature (high-Tc) superconductor (HTS) thin films. The cuprate superconductors are highly anisotropic material and have multilayer superconducting Cu 2 O planes with interlayer tunneling of Cooper pairs between them, which introduces the c-axis
Josephson plasma resonance (JPR). The JPR usually lies in the microwave and terahertz spectral regions [15] . Recent experimental and theoretical works have predicted the existence of surface waves in the HTS films [16] [17] [18] [19] .
In this Letter, we demonstrate the existence and active thermal control of SPPs in periodic subwavelength hole array made up of high-Tc YBCO by using terahertz-time domain spectroscopy (THz-TDS) [20] . In the hole array, due to c-axis Josephson plasma frequency, we observed a sharp transition between a virtual excitation type SPP mode and a real SPP mode accompanied with enhanced transmission amplitude modulation.
The sample is made from a commercial (THEVA, Germany) 280 nm-thick YBCO film which typically has an 86 K transition temperature and 2.3 MA/cm 2 critical current density grown on a 500 µm thick sapphire substrate. By using conventional photolithographic [21, 22] exposure we patterned a 3-µm-thick negative photo-resist, NR7-3000P film into hole shape on the YBCO film as the protective layer. The sample wan then wet etched in 0.04% nitric acid to remove YBCO from other parts of the wafer that did not have the photoresist protection followed by a lift-off process in acetone. The optical images of the hole array is illustrated in Fig. 1 . The dimension of a unit hole is 65 × 50 µm 2 with a lattice constant of 100 µm.
The measurements were performed at room temperature and then gradually cooled down to 86 K in a cryo-assisted THz-TDS system used in previous measurement [23] . Since YBCO is a highly anisotropic material, the dispersion relation of surface polaritons can be expressed as [26] Furthermore, the virtual excitation type SPPs must always be driven by the associated electromagnetic wave. When the associated electromagnetic wave is removed, the virtual SPP mode will disappear immediately [27] . Figure 2 clearly reveals that all the measured transmission resonances are caused by the virtual excitation of SPPs above 86 K.
The critical behaviors of HTS are very susceptible to defects and small changes in the chemical composition and structure which present a challenge in superconductor materials comprising of four or more elements. The YBCO film on sapphire substrate does not seem to reach the transition temperature at 86 K in our measurements. This may be due to material imperfections such as cracks, voids, and dislocations. The substrate crystalline structure must be ideally matched to the superconductor if the thin layer of superconductor is to perform predictably by minimizing the flaws and dislocations. The critical current in the superconductor is also strongly limited by the high angle grain boundaries.
We extracted the real conductivity of the YBCO film at 297, 183, 133, and 86 K by measuring the direct transmission and phase shift of terahertz waves through the film. In order to verify the experimental results, we simulated the terahertz transmission through the YBCO hole array using the measured real conductivity up to 86 K and the complex conductivity value at 51.5 K taken from literature [28, 29] . The simulation tool used is CST microwave studio and the results are shown in Fig. 3(a) . Due to increase in the ratio of the real to the imaginary dielectric constant [30] , the peak amplitude transmission caused by the virtual excitation type SPP becomes larger gradually and at superconducting state the transmission peak caused by a real SPP nearly reaches 1 demonstrating extremely low loss. The frequency blue-shift is caused by the increase in real part of dielectric function [12] . The dramatic change in amplitude transmission can be seen in Fig. 3(b) where the transmission at resonance suddenly increases by almost 30% due to the formation of superconducting cooper pairs below the transition temperature. Before the superconductor reaches its transition temperature, the change in transmission from room temperature up to the critical temperature is only ~5%.
In summary, an active control over terahertz resonant transmission with amplitude modulation of 35% and sharp resonance strengthening has been achieved in periodic 
